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Abstract: Defect states introduced to single wall carbon nanotubes (SWCNTSs) by covalent
functionalization give rise to novel photophysics and are showing promise as sources of room-
temperature quantum emission of interest for quantum information technologies. Evaluation of
their ultimate potential for such needs requires a knowledge of intrinsic dynamic and coherence
behaviors. Here we probe population relaxation and dephasing time (T, and T, respectively) of
defect states following deposition of functionalized SWCNTSs on polystyrene substrates that are
subjected to an isopropanol rinse to remove surfactant. Low-temperature (4K) photo-
luminescence linewidths (~ 100 peV) following surfactant removal are a factor of ten narrower
than those for unrinsed SWCNTSs. Measured recombination lifetimes, on the order of 1.5 ns,
compare well with those estimated from DFT calculations, indicating that the intrinsic
radiatively-limited lifetime is approached following this sample treatment. Dephasing times
evaluated directly through an interferometric approach compare closely to those established by
photoluminescence linewidths. Dephasing times as high as 12 ps are found; a factor of up to 6
times greater than those evaluated for band-edge exciton states. Such enhancement of dephasing
and photoluminescence lifetime behavior is a direct consequence of exciton localization at the

SWCNT defect sites.
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Introduction

The search for novel phenomena arising from emergence is driving intense interest in
quantum materials and quantum matter.! A diverse range of related emergent phenomena
encompasses topics including topological and Dirac materials, condensates, polaritons, and in
particular, materials underlying quantum computing needs. Quantum light emitters are an
important subset of quantum information materials, with low-dimensional nanomaterials
emerging as promising single photon sources required for optically-based quantum sensing,
encryption, and information processing.>? Controlled introduction of defects (e.g. through
chemical doping or physical modification) is an effective way to yield a robust two-level system
capable of single photon emission. Such a strategy has been shown to be especially promising
when implemented in single-wall carbon nanotubes (SWCNTSs).4>

The one-dimensional nature and associated quantum confinement of SWCNTSs enhances
their potential for applications in tunable light emitting and optoelectronic devices.® The
diffusive nature of SWCNT band-edge excitons, however, severely restricts their
photoluminescence (PL) quantum yield”® and potential to act as quantum emitters.”!°
Alternatively, low-level covalent functionalization of SWCNTs introduces a new emitting state
(labelled E{;*), ~100 meV or more lower in energy than the band-edge exction state (E;;), that
can overcome these limitations.!’'> This new emitting state exhibits excellent properties,
including an increase in photoluminescence (PL) quantum yield,'!-!3 increased PL lifetime and
tunable dynamics,!4!3 altered saturation behavior,!%!” and improved PL stability.> These new
optical behaviors originate in the trapping of the diffusive exciton in a deep potential well at the
defect site introduced by functionalization.!®!81% Of particular interest is that such localization

directly enables SWCNTS to act as quantum emitters at room temperature (room-T).%> While
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exciton localization in shallow surface traps at cryogenic temperatures (4 K)*1%2% and exciton-
exciton annihilation?'->3 have been demonstrated as routes to photon antibunching behavior in
SWCNTs, localization in defect trap states enables single photon emission at room-T and at
telecom wavelengths (1300 — 1550 nm).*> Advances in integrating SWCNTSs into photonic and
plasmonic cavities as routes to further enhancement of emission properties,?*2® and into
electroluminescent devices coupled to photonic waveguides and complex optical circuits?®-3? are
leading to a growing interest in their potential applications as quantum emitters.>

Two important characteristics for any quantum emitter are photon purity and photon
indistinguishability. With demonstrated values for the second order photon correlation function
2?(t=0) as low as 0.01,> SWCNT defect-state emission already meets photon purity requirements
for quantum encryption.> On the other hand, photon indistinguishability is another critical
parameter yet to be explored, and which is a more stringent requirement for various aspects of
quantum information processing.”? 100% indistinguishability is attained for T, = 2T, where T, is
the dephasing time and T is the population decay time of the emitter. Values of T,/2T; =0.9 or
greater are required for the full range of quantum computing needs.> With current defect-state
linewidths typically of a few hundred peV to several meV,!62531 and PL lifetimes of several
hundred ps,*>!415 attaining indistinguishability remains an important goal. Earlier reported
values for defect-state dephasing and PL lifetimes'43! are likely far from the intrinsic limits.
Approaching indistinguishability requires these intrinsic values to be identified. Earlier work on
limiting spectral jitter and optimizing dephasing and radiative lifetimes for the E;; band-edge
exciton demonstrated that attaining these limits requires minimization or elimination of

environmental interactions, either by studying SWCNTSs suspended between pillars,3>33 or by



Nanoscale Page 4 of 26

deposition into a low-dielectric/low-charge environment, such as in a polymer layer,3*3 or on h-
BN.3¢

Here, we probe the intrinsic limits of defect-state PL lifetime and dephasing times at
cryogenic temperature (4K) for SWCNTs functionalized with aryl groups. Environmental
isolation is achieved by depositing surfactant coated SWCNTSs onto a polystyrene substrate,
followed by rinsing with isopropanol (IPA). PL lifetimes are found to increase from 300 ps to 1.5
ns following the IPA rinse. Modeling of the defects with time-dependent density functional
theory (TD-DFT) indicates that the 1.5 ns lifetime approaches the expected radiative limit
defined by the defect-state oscillator strength. Likewise, spectral linewidths are found to decrease
from several meV to ~100 peV across the wavelength range of the defect-state emission. An
interferometric approach is used to directly assess dephasing times for the environmentally
isolated case. Defect-state T, values as long as 12 ps (a factor of 6 longer than established for the
band-edge E;; exciton) are found. Expectations for spectral linewidth inferred from T, values
are evaluated across the defect-state emission range and compared to spectroscopically measured
linewidths for identical nanotubes, with close agreement being found. Intrinsic T; and T, times
are thus found to be separated by two orders of magnitude, presenting a challenge to achieve
photon indistinguishability. Recent advances in modifying radiative decay rates and sharpening
spectroscopic resonances through integration of SWCNTs into various types of photonic and
plasmonic cavities, however, hold promise for dramatically narrowing the intrinsic gap between

the Ty and T, times.
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Results and Discussion

In addition to probing air-suspended PL response,’?-33 an effective strategy for obtaining
near-intrinsic behavior for SWCNT E;; emission has included embedding SWCNTSs in polymer
(poly methylmethacrylate (PMMA),3* or polystyrene (PS)3®) substrates. In PMMA and PS,
SWCNT E;; PL displays reduced blinking and spectral diffusion, while PL quantum yield and
lifetime are increased.’33* These advantages originate from the reduced charge and low
dielectric environment afforded by the polymers. Here, we use PS (150 nm layer deposited on
Au-coated glass by spin coating from toluene solution, see Experimental section) as a substrate
for our spectroscopic measurements. PS has been demonstrated to effectively stabilize defect-
state PL, while promoting room-T single photon emission from the defect states with optimized
single photon purities (g%(t=0) values of 0.01).> Our studies are performed on (6,5) SWCNTs
functionalized with 4-methoxybenzene, deposited onto the PS substrates from aqueous 1%
sodium deoxycholate (DOC) solutions (see Experimental section). Residual DOC coats the PS
and SWCNTs in a charged layer that itself can adversely impact emission behaviors. We thus
remove excess DOC by subsequent rinsing with IPA. Atomic force microscopy (AFM) scans
show that, prior to rinsing (Fig. 1a), substrate and SWCNTs are heavily coated with DOC,
making it difficult to image individual SWCNTs. In contrast, following rinsing, AFM scans
(Fig. 1b) show a clean substrate scattered with well-resolved individual SWCNTs, indicating that
the IPA rinse is highly effective at removing excess DOC.

Example single-tube defect-state PL spectra, obtained at 4 K, obtained for samples
deposited on PS substrates, with and without the IPA rinse, are shown in Fig. 2a. The results
demonstrate that removal of excess DOC with the rinse step is effective at minimizing

environmental interactions. Prior to the rinse, E;;* linewidths as high as 9 meV are observed
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(blue curve, Fig. 2a). After the rinse, PL linewidths < 100 pueV may be observed (e.g. 90 peV
for red curve, Fig. 2a). We find that such line narrowing is obtained with the rinse step across
the full emission wavelength range spanned by the (6,5) defect states (from 1100 nm to 1325 nm,
see Fig. 2b). Notably, the narrowest feature reaches 73 peV (Fig. 2c). Histograms of linewidths
obtained over a large number of individual nanotubes (Fig. 3) show that such line narrowing with
environmental isolation is a general behavior. Linewidths in the presence of excess DOC
average 3.4 meV in the distribution (Fig. 3a), while isolation reduces the value by over an order
of magnitude, to an average of 220 peV (Fig. 3b).

Given the reduced linewidths obtained with surfactant removal, the minimized
environmental interaction should also be reflected in changes in PL lifetime. PL decay traces for
as-deposited and IPA-rinsed SWCNTs, also obtained at 4K, are shown in Fig. 4a. Decays are fit
to a biexponential with long (t) and short (ts) components. As previously demonstrated,'+!> the
long component corresponds to the defect-state population decay time (see also Supporting
Information). As a baseline, we find for the DOC-coated tubes that E;;* population lifetimes are
around 300 ps (Fig. 4a), in agreement with previous results.>!4!5> Remarkably, upon surfactant
removal lifetimes increase significantly, to values greater than 1 ns, with the longest reaching 1.5
ns (Fig. 4a). Such values approach the theoretical limit for the radiative lifetime of the defect
states, indicating a dramatic reduction of non-radiative decay and excitation quenching
processes. This result therefore suggests that the IPA rinse step enables access to the intrinsic
lifetime of these states. TD-DFT calculations (see Supporting Information) predict a radiative
lifetime of 2 ns for the E{;* defect-state emission, in close agreement with the measured values
of 1 — 1.5 ns. The discrepancy is likely due to contributions from remaining non-radiative decay

processes. Thus, the ratio of the measured lifetime to the calculated radiative lifetime provides
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an estimate of the defect-state PL quantum yield of 50 — 75%. This value is suggestive of a near-
doubling of quantum yield for the environmentally-isolated SWCNTs, in comparison to that
obtained by Piao et al. for solution phase samples at room-T.!?

The dominant non-radiative processes for the defect states have been identified as
thermal detrapping, multiphonon decay, and electronic to vibrational energy transfer (EVET) to
the surrounding environment.'*!> With regard to the latter process, it is likely that the DOC
coating acts as a bath for accepting energy through the EVET process.!> This energy transfer
channel is suppressed upon removal of the DOC layer with IPA rinsing, thus leading to a
dramatic increase in lifetime (Fig. 4a). Additionally, after removing DOC, a careful analysis of
the wavelength-dependent PL decay (Fig. 4b) indicates that multiphonon decay dominates the
non-radiative process, rather than thermal detrapping. We plot 1, values obtained for defect-
state emission wavelengths spanning from 1125 nm to 1300 nm in Fig. 4b. It is clear that the
long (population decay) lifetime component decreases as wavelength increases, which is a
typical manifestation of a multiphonon decay mechanism.!*37 In contrast, thermal detrapping
would feature an opposite trend in which the lifetime increases as wavelength increases at room-
T, which is absent in our experiment carried out at 4 K.

We have demonstrated that our sample treatment yields PL lifetimes approaching the
theoretically-determined radiative limit. We next explore dephasing time, which is likely
enhanced as well after the treatment due to the reduced environmental interaction. Total
dephasing time (T,) is often approximated from spectroscopic linewidths (I') through the well-
known relation ' =2 h /T, = h[T;"! + 2T,."!], where T, and T,. are the radiative lifetime and
pure dephasing time, respectively. In practice, spectroscopic linewidths are subject to various

broadening mechanisms, thus limiting their utility for determination of dephasing time.
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Broadening mechanisms can include spectral diffusion, the dynamic nature of the local
environment, exciton-phonon interaction, and the diffusive nature of the band-edge exciton.?-8
For example, the band-edge E;; exciton emission lineshape has a Voigt profile, which results
from convolution of a Lorentzian component (with intrinsic homogeneous broadening) and a
Gaussian component (with extrinsic inhomogeneous broadening) due to spectral diffusion.’-*°
However, inhomogeneous contributions are found to be minimal in our defect-state PL spectra.
As seen in Fig. 2¢, low-T lineshapes are well-fit by a single Lorentzian function (convoluted
with the instrumental response, see Experimental section), indicating minimization of
inhomogeneous contributions. The minimal inhomogeneous broadening and relatively slow
dephasing rate is partially a result of minimized environmental interaction due to three factors:
Localization of the exciton at the aryl defect sites in our samples, measurement at cryogenic
temperature, and our sample treatment approach.

Despite achieving reasonable environmental isolation, line broadening arising from
spectral diffusion still exists in our study and can potentially mask the true dephasing time.
Monitoring a series of single-tube spectra over long times (1 minute) indicates spectral
wandering up to +/- 0.8 meV can occur on such timescales (see Supporting Information, Fig.
S1), and can be manifested as increased spectral width if integration times are not sufficiently
short. We find, however, that using integration times less than 1 second significantly suppresses
inhomogeneous contributions of spectral wandering to observed linewidth (see Supporting
Information, Fig. S1). Such measurements, however, may still be susceptible to broadening from
rapid spectral diffusion occurring on much shorter timescales (< ms).

High-resolution Fourier-transform spectroscopy, which measures the first order photon

autocorrelation function g'(t), enables the observation of dephasing dynamics in the time
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domain.*® This time-domain methodology is powerful for characterizing systems with ultra-
narrow linewidth, and has been effective for evaluation of dephasing time in semiconducting
quantum dots,*'-*4 band-edge excitons in SWCNTSs,?3 and transition metal dichalcogenides.* In
this approach, we introduce defect-state emission (obtained at 4K) to a Michelson interferometer
(Fig. 5a). An interferogram is built up for emission from a single defect site found on a single
functionalized SWCNT by stepping the mobile mirror of the interferometer (see Experimental
section) and acquiring the PL intensity at each step. The maximum (Imax(t)) and minimum
(Imin(t)) intensity values in each interference fringe define the fringe visibility V(t) = (Imax(t) —
I min(t))/(Imax(t) + I min(t)). For the example interferogram shown in Fig. 5b, one observes that
the interferogram visibility decays with the delay time. The decay of V(t) may be fit with a
single exponential, with the time constant being equivalent to the dephasing time (Fig. 5c).

For the example of Figure 5, fitting V(t) to a single exponential yields a dephasing time
of 12 ps (Fig. 5¢). As measured over multiple tubes and defect-state emission wavelengths
(ranging from 1120 nm to 1280 nm), we find that dephasing time ranges from 3 ps to 12 ps.
These results represent up to a 6-fold increase in dephasing time in comparison to the highest
values (2 ps) found for the diffusive band-edge E;; exciton.?3 It is clear from this result that
localization in the deep potential trap of the defect sites provides further protection for the
exciton wavefunction from environmentally-induced dephasing in comparison to that obtained
for band-edge excitons, in agreement with results for functionalized SWCNTSs integrated into
metallo-dielectric antenna arrays.? In addition to exciton localization, the defect site also
imposes a barrier that confines acoustic phonons.! Such an acoustic barrier is apparent in the
lineshape we observe for several of the spectra obtained from IPA-treated SWCNTs (Fig. 2b),

for which the sharp zero-phonon line is accompanied by a sideband or detached shoulder arising
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from localized phonons.*¢-*® Homogeneous contributions arising from coupling to acoustic
phonons thus may also be reduced due to the reduced phonon confinement length afforded by the
deep trap.4-48 These benefits add to the previously demonstrated ability of defect-localization to
protect the emitters from pump-induced dephasing.?’

Revisiting the correspondence between dephasing time and linewidth, we find for the
IPA-rinsed samples that spectroscopically-measured linewidths generally show a good
correspondence to the expected linewidth as calculated from the total dephasing time (T,). For
the example of Fig. 5, a linewidth of 109 peV is inferred from the measured dephasing time,
which is in good agreement with the spectroscopically-measured linewidth for the same
nanotube of 90 pev (Fig. 5d). Linewidths and total dephasing time were measured for 7 different
individual nanotubes, and as seen in Fig. 6a, in all cases but one, the two measurements are in
good agreement. It is possible for the sample in which measured linewidth is significantly larger
than that calculated from the dephasing time that the IPA rinse may not have been as effective
and residual DOC could contribute to charge-induced spectral wandering not present when DOC
has been effectively removed. The generally close agreement, however, further indicates that the
environmental isolation afforded by the IPA rinse reduces spectral wandering during the PL
spectral integration time and ultimately enables evaluation of dephasing times and radiative
lifetimes that are close to their intrinsic limits.

Returning to the subject of achieving photon indistinguishability, a comparison of
dephasing times and PL lifetimes obtained for identical individual nanotubes across multiple
emission wavelengths (Fig. 6) indicates a two-orders of magnitude difference in timescales. Our
measured dephasing times are thus seen to be dominated by pure dephasing. Further

manipulation of both parameters will be required for reaching the indistinguishability goal.

10
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Strategies for doing so may include integration of functionalized SWCNTSs into photonic
cavities?’* or plasmonic arrays.>**° Such approaches can narrow linewidths significantly, as
well as reduce the radiative lifetime through the Purcell effect.>>?® Efforts at harnessing these

fascinating effects to control defect-state emission properties have begun to emerge.>>?3

Conclusions

We have demonstrated that deposition of DOC surfactant-coated 4-methoxybenzene-
functionalized (6,5) SWCNTs onto a polystyrene substrate, followed by an isopropanol rinse, is
an effective route toward environmental isolation of the incorporated sp? defect states.
Functionalized SWCNTs prepared in this way display photophysical behaviors approaching
intrinsic limits, including T, and T, times on the order of 1.5 ns and 12 ps, respectively. The
dramatic increase in photoluminescence lifetimes and 6-fold increase in dephasing time
compared to those observed for the (6,5) E;; band-edge exciton are a direct consequence of
localization of the exciton at the sp® defect site. Such localization eliminates diffusive sampling
of variations in the local environment by the exciton, leading to a significant reduction of the
dephasing rate. The new photophysics introduced by defect localization thus brings significant
advantages concerning quantum emission behavior of SWCNTs. These results set a baseline for
developing strategies for harnessing the defect state quantum emission in applications. In
particular, it is clear that radiative rates must be increased by about two orders of magnitude to
attain photon indistinguishability. Integration of functionalized SWCNTs into device
architectures incorporating plasmonic, photonic, or metamaterial cavities may be a fruitful

approach to achieve such response.3-23-30:49,50

11
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Experimental

Sample preparation

Chirality-enriched (6, 5) SWCNTs suspended in 1 wt% sodium deoxycholate (DOC)
were prepared in a two-step aqueous two-phase (ATP) extraction as described previously.>!
SWCNT functionalization was performed following the procedure outlined in ref. 14. In this
method, (6, 5) SWCNTs were first exchanged into 1 wt% sodium dodecyl sulfate (SDS). 1 mL
of (6, 5) sample with an optical density of ~ 0.1 (in a 1 cm pathlength cell) was mixed and
reacted with 50 uL aqueous solution of 0.1 mg/mL 4-methoxybenzene diazonium
tetrafluoroborate salt (Aldrich). The reaction was monitored via PL spectroscopy, and the

progress was stopped by exchanging the samples intolwt% DOC.

Sample deposition and cleaning was performed as follows: Functionalized SWCNTs
(optical density ~ 0.1 in a 1 cm pathlength cell and DOC concentration 1%) were diluted by
nanopure water by 100 - 300 times. The diluted sample solution was drop cast on a glass
coverslip previously coated with 300 nm Au (e-beam evaporation) onto which a 160 nm
polystyrene layer was spin coated. After SWCNT deposition, the substrate was kept still in air
for 30 minutes so to promote anchoring of SWCNTs to the polymer surface (but not taken to
dryness). The substrate was then flushed for 1 minute with a stream of a mixture of isopropanol
(IPA) and nanopure water (50:50) to remove the residual sample solution and surfactants. The

sample was then rinsed for another 3 minutes by immersion in an IPA/nanopure water mixture.

12
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Single SWCNT optical spectroscopy

A home-built PL-microscopy system was used to perform all single-SWCNT
spectroscopy experiments. Functionalized SWCNT samples on substrates were loaded into a
continuous-flow liquid He cryostat (Oxford Instruments) operated at 4K. An infrared objective
(Olympus) with NA = 0.65, x50 magnification was used to confocally excite and collect the PL
signal. High resolution individual SWCNT spectra were taken using a 0.5 s integration time
with a two-dimensional InGaAs array camera under CW Ti:Sapphire laser excitation at a
wavelength of 854 nm and with a power of 1-2 uW. The spectra were fit as a convolution of the
Lorentzian spectral response of the zero-phonon line of the SWCNT and the Gaussian instrument

response (with instrument resolution (FWHM) of ~ 80 peV).

The first order photon-correlation measurement used to extract the dephasing time T, was
performed using a CW Ti:Sapphire laser excitation source at 854 nm and with a power of 1-2
pW, with sample emission sent into a Michaelson Interferometer (see schematic of Figure 5a).
An active stabilization system was enabled by a reference laser, a proportional-integral—
derivative (PID) controller, and a piezoelectric stage. The feedback system was used to maintain
the stability of the delay line at a scale of 50 nm. Data points were taken at delay-line step sizes
of 20 um (or 0.07 ps). Each point was acquired with a 0.5 second integration time using a

superconducting nanowire single-photon detector.

For PL lifetime (T;) measurements a pulsed Ti:Sapphire laser (150 fs, 90 MHz) was used with an
excitation wavelength of 854 nm and excitation power of a few uW. PL decay curves were

obtained from macro- and micro-times of photon detection events on a superconducting

13
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nanowire detector, recorded using HydraHarp 400 time-correlated single photon-counting

electronics.
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3.7 nm

Fig. 1. AFM images of functionalized (6,5) SWCNTs after deposition from aqueous 1% DOC
suspension onto glass cover slips that are coated with a 160 nm polystyrene layer on top of a 300
nm Au layer. a) prior to and b) following rinsing with a 50:50 isopropanol/nanopure H,O
mixture (see Experimental). The scale bar is 1 um.
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Fig. 2. a) PL spectra of a single (6,5) SWCNT functionalized with 4-methoxybenzene, deposited
on a polystyrene substrate in presence of DOC wrapping (blue trace) and after rinsing with 50:50
isopropanol/H,O mixture. b) PL spectra obtained from multiple single functionalized (6,5)
SWCNTs with black trace as representative band-edge E;; exciton response and colored traces
originating in defect states spanning emission wavelengths from 1100 to 1325 nm. c¢) High-
resolution zoom of defect-state emission spectrum from a single functionalized (6,5) SWCNT
displaying a linewidth of 73 peV. Blue points are experimental data and red curve is a fit to the
data with a Lorentzian function convoluted with the instrument response. All measurements
taken at 4K and using an integration time of 0.5 s.
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curve fit to the distributions with an average value of 3.4 meV for the data of panel (a) and 0.22
meV for the data of panel (b). All measurements taken at 4K and using an integration time of

0.5s.
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Fig. 4. a) Representative defect-state PL decay traces for single 4-methoxybenzene-
functionalized (6,5) nanotubes deposited from an aqueous 1% DOC suspension (blue trace) and
following a rinse with 50:50 isopropanol/H20 (red trace). Black traces are biexponential fits to
the decays, with long-component time constants of 0.3 ns and 1.5 ns in the presence and absence
of DOC, respectively. b) Plot of long decay components of a biexponential fit to single-
nanotube PL decay traces for multiple nanotubes exhibiting defect-state emission across a
wavelength range spanning 1125 nm to 1300 nm. Note that long decay components (1)
correspond to defect-state population decay (see Supporting Information and refs. 14 and 15).
All measurements taken at 4K.
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Fig. 5. a) Schematic of Michaelson interferometer used for directly measuring T, times of
defect-state emission. b) Example interferogram obtained from a single 4-methoxybenzene-
functionalized (6,5) nanotube exhibiting defect-state PL at 1275 nm. c¢) Visibility decay
obtained from the interferogram of panel (b). Red trace is a single exponential fit to the
experimental data (blue circles), with a time constant for decay (T, time) of 12 ps with expected
equivalent linewidth of 109 peV. d) High-resolution defect-state PL spectrum (0.5 s integration
time) for the identical tube probed in panels (b) and (c). Red trace is a fit to the experimental
data (blue circles) with a Lorentzian lineshape convoluted with the instrument response, showing
a linewidth of 90 peV. All measurements taken at 4K.
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for individual nanotubes. Data points are for the identical nanotubes probed in panel (a). Note
that PL lifetimes are the long time components of a biexponential fit to the respective PL decay
traces, corresponding to defect-state population decay (see Supporting Information and refs. 14

and 15). All measurements taken at 4K.
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Summary Statement: Environmental isolation of covalently functionalized carbon nanotubes
enables evaluation of near-intrinsic values for defect-state radiative lifetime and dephasing time.
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